Abstract: Bacteria inhabiting the human gut metabolize microbiota-accessible carbohydrates (MAC) contained in plant fibers and subsequently release metabolic products. Gut bacteria produce hydrogen (H 2 ), which scavenges the hydroxyl radical (•OH). Because H 2 diffuses within the cell, it is hypothesized that H 2 scavenges cytoplasmic •OH (cyto •OH) and suppresses cellular senescence. However, the mechanisms of cyto •OH-induced cellular senescence and the physiological role of gut bacteria-secreted H 2 have not been elucidated. Based on the pyocyanin-stimulated cyto •OH-induced cellular senescence model, the mechanism by which cyto •OH causes cellular senescence was investigated by adding a supersaturated concentration of H 2 into the cell culture medium. Cyto •OH-generated lipid peroxide caused glutathione (GSH) and heme shortage, increased hydrogen peroxide (H 2 O 2 ), and induced cellular senescence via the phosphorylation of ataxia telangiectasia mutated kinase serine 1981 (p-ATM ser1981 )/p53 serine 15 (p-p53 ser15 )/p21 and phosphorylation of heme-regulated inhibitor (p-HRI)/phospho-eukaryotic translation initiation factor 2 subunit alpha serine 51 (p-eIF2α)/activating transcription factor 4 (ATF4)/p16 pathways. Further, H 2 suppressed increased H 2 O 2 by suppressing cyto •OH-mediated lipid peroxide formation and cellular senescence induction via two pathways. H 2 produced by gut bacteria diffuses throughout the body to scavenge cyto •OH in cells. Therefore, it is highly likely that gut bacteria-produced H 2 is involved in intracellular maintenance of the redox state, thereby suppressing cellular senescence and individual aging. Hence, H 2 produced by intestinal bacteria may be involved in the suppression of aging.
Introduction
Intestinal bacteria, which inhabit the human gut, metabolize rich stores of microbiota-accessible carbohydrates (MAC) contained in plant fibers, releasing various metabolic products that play important roles in the host's immune functions, metabolism, and homeostatic maintenance. However, while many of these gut bacteria produce H 2 , the physiological role of H 2 in vivo is not yet understood. Recent research has shown that H 2 specifically neutralizes hydroxyl radicals (•OH), which have the strongest oxidizing power among reactive oxygen species (ROS) [1] . Recently, it was suggested that •OH located in the cytoplasm (cyto •OH), unlike •OH localized in the mitochondria (mito •OH), is one of the inducers of cellular senescence [2] . Senescent cells accumulate in aged tissues, and elimination of Int. J. Mol. Sci. 2019, 20, 456 2 of 11 senescent cells suppresses tissue and organ dysfunction [3] . In fact, suppression of cellular senescence has been suggested to delay individual aging and prolong a healthy lifespan [4] . Accordingly, we hypothesized that the H 2 produced by gut bacteria circulates throughout the host's body, delaying aging by suppressing cellular senescence and extending the host's healthy lifespan. Because H 2 can diffuse into cells, H 2 is expected to scavenge cyto •OH and suppress cellular senescence. However, there is currently a lack of evidence to support this. Thus, the physiological role of H 2 produced by gut bacteria and the mechanism by which cyto •OH causes cellular senescence remain unclear. In this study, we clarified the induction mechanism of cellular senescence caused by cyto •OH by adding a solution of supersaturated H 2 to the cyto •OH-induced cellular senescence model stimulated by pyocyanin, which is a cytoplasmic ROS inducer in vitro. Because cyto •OH specifically produces lipid peroxide, we assumed that lipid peroxide is involved in the induction of cellular senescence. Therefore, we speculated that cyto •OH scavenging by intestinal bacteria-produced H 2 would suppress lipid peroxide production and regulate cellular and individual aging.
Results

H 2 Suppressed p16 and p21 Expression and Cellular Senescence
We stimulated mouse embryonic fibroblasts (MEFs) with the cyto •OH inducer pyocyanin and examined the effect of H 2 on cellular senescence. Although pyocyanin increased cellular senescence chronologically, H 2 suppressed this effect ( Figure 1a) . Furthermore, we examined the effect of H 2 on the expression of cellular senescence regulators p16Ink4a (p16) and p21Cip1/Waf1 (p21). Chronologically, pyocyanin increased the expression of p16 and p21, which was suppressed by H 2 (Figure 1b-d) . Overall, these findings showed that H 2 suppressed p21 and p16 expression and cellular senescence induced by cyto •OH.
Int. J. Mol. Sci. 2019, 20 2 tissues, and elimination of senescent cells suppresses tissue and organ dysfunction [3] . In fact, suppression of cellular senescence has been suggested to delay individual aging and prolong a healthy lifespan [4] . Accordingly, we hypothesized that the H2 produced by gut bacteria circulates throughout the host's body, delaying aging by suppressing cellular senescence and extending the host's healthy lifespan. Because H2 can diffuse into cells, H2 is expected to scavenge cyto •OH and suppress cellular senescence. However, there is currently a lack of evidence to support this. Thus, the physiological role of H2 produced by gut bacteria and the mechanism by which cyto •OH causes cellular senescence remain unclear. In this study, we clarified the induction mechanism of cellular senescence caused by cyto •OH by adding a solution of supersaturated H2 to the cyto •OH-induced cellular senescence model stimulated by pyocyanin, which is a cytoplasmic ROS inducer in vitro. Because cyto •OH specifically produces lipid peroxide, we assumed that lipid peroxide is involved in the induction of cellular senescence. Therefore, we speculated that cyto •OH scavenging by intestinal bacteria-produced H2 would suppress lipid peroxide production and regulate cellular and individual aging.
Results
H2 Suppressed p16 and p21 Expression and Cellular Senescence
We stimulated mouse embryonic fibroblasts (MEFs) with the cyto •OH inducer pyocyanin and examined the effect of H2 on cellular senescence. Although pyocyanin increased cellular senescence chronologically, H2 suppressed this effect (Figure 1a) . Furthermore, we examined the effect of H2 on the expression of cellular senescence regulators p16Ink4a (p16) and p21Cip1/Waf1 (p21). Chronologically, pyocyanin increased the expression of p16 and p21, which was suppressed by H2 (Figure 1b-d) . Overall, these findings showed that H2 suppressed p21 and p16 expression and cellular senescence induced by cyto •OH. 
H 2 Indirectly
Suppressed Heme Depletion and Cellular Senescence via the p-HRI/p-eIF2α/ATF4/p16 Pathway p16 is induced by phospho-eukaryotic translation initiation factor 2 subunit alpha serine 51 (p-eIF2α ser51 )-mediated activation of activating transcription factor 4 (ATF4) [5, 6] . eIF2α is activated after phosphorylation by a heme-regulated inhibitor (HRI) [7] , which is phosphorylated through heme depletion [8] . We investigated the chronological changes in the intracellular heme concentration of pyocyanin-stimulated MEFs. Pyocyanin chronologically decreased the intracellular heme concentration, but H 2 suppressed this decrease, similar to the p16 expression pattern (Figure 2a) . Next, we examined phosphorylation of HRI (p-HRI) and eIF2α ser5 and ATF4 expression. Pyocyanin chronologically increased p-HRI and eIF2α ser5 and ATF4 expression (Figure 2b-e) . In contrast, H 2 suppressed p-HRI and eIF2α ser5 and ATF4 expression, similar to the pattern of changes in intracellular heme concentration (Figure 2b -e). Furthermore, when HRI was knocked down by RNA interference, cellular senescence caused by pyocyanin stimulation was suppressed (Figure 2f) .
Together, the results suggested that H 2 suppressed cellular senescence via the p-HRI/p-eIF2α ser5 / ATF4/p16 pathway by suppressing heme depletion.
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H2 Indirectly Suppressed Heme Depletion and Cellular Senescence Via the p-HRI/p-eIF2α/ATF4/p16 Pathway
p16 is induced by phospho-eukaryotic translation initiation factor 2 subunit alpha serine 51 (peIF2α ser51 )-mediated activation of activating transcription factor 4 (ATF4) [5, 6] . eIF2α is activated after phosphorylation by a heme-regulated inhibitor (HRI) [7] , which is phosphorylated through heme depletion [8] . We investigated the chronological changes in the intracellular heme concentration of pyocyanin-stimulated MEFs. Pyocyanin chronologically decreased the intracellular heme concentration, but H2 suppressed this decrease, similar to the p16 expression pattern ( Figure 2a) . Next, we examined phosphorylation of HRI (p-HRI) and eIF2α ser5 and ATF4 expression. Pyocyanin chronologically increased p-HRI and eIF2α ser5 and ATF4 expression (Figure 2b -e). In contrast, H2 suppressed p-HRI and eIF2α ser5 and ATF4 expression, similar to the pattern of changes in intracellular heme concentration (Figure 2b -e). Furthermore, when HRI was knocked down by RNA interference, cellular senescence caused by pyocyanin stimulation was suppressed (Figure 2f) .
Together, the results suggested that H2 suppressed cellular senescence via the p-HRI/peIF2α ser5 /ATF4/p16 pathway by suppressing heme depletion. (Figure 3a,b) . In addition, pyocyanin reduced GSH, one of the H 2 O 2 scavengers, but H 2 suppressed the GSH decrease (Figure 3c ). Moreover, pyocyanin enhanced lipid peroxide production, but this was suppressed by H 2 (Figure 3d) .
Overall, these data suggest that H 2 suppressed the increase in lipid peroxide produced by •OH, suppressed GSH depletion, and indirectly suppressed the increase in H 2 O 2 . Figure 2 . Scavenging of cyto •OH by H2 suppressed heme depletion and induced p16 expression in pyocyanin-stimulated MEFs. (a) Intracellular heme concentration. Phosphorylation of (b) hemeregulated inhibitor (HRI) and (c,d) eIF2α ser51 and expression of (c,e) activating transcription factor 4 (ATF4) based on Western blot analysis. (f) Cellular senescence in pyocyanin-stimulated MEFs after knockdown of HRI mRNA determined by SA-β-gal staining. The data are presented as the mean ± SEM (n = 5 per group); * p < 0.05; ** p < 0.01; NS, not significant.
H2 Suppressed Lipid Peroxide Production and Increased H2O2 by Suppressing Glutathione (GSH) Depletion
Pyocyanin markedly increased the chronological intracellular H2O2 and •OH concentration, which was inhibited by H2 (Figure 3a,b) . In addition, pyocyanin reduced GSH, one of the H2O2 scavengers, but H2 suppressed the GSH decrease (Figure 3c ). Moreover, pyocyanin enhanced lipid peroxide production, but this was suppressed by H2 (Figure 3d) .
Overall, these data suggest that H2 suppressed the increase in lipid peroxide produced by •OH, suppressed GSH depletion, and indirectly suppressed the increase in H2O2. 
H2 Indirectly Suppressed Intracellular H2O2 Concentration Increase and DNA Oxidative Damage and Suppressed Cellular Senescence via p-ATM ser1981 /p-p53 ser15 /p21 Pathway
We examined the chronological DNA oxidative damage in MEFs stimulated with pyocyanin. Pyocyanin increased chronological DNA oxidative damage in MEFs, but H2 suppressed this damage (Figure 4a ). In addition, we examined the phosphorylation of ataxia telangiectasia mutated kinase serine 1981 (p-ATM ser1981 ) and p53 serine 15 (p-p53 ser15 ) induced by DNA oxidative damage. Pyocyanin increased the phosphorylation of ATM ser1981 and p53 ser15 in MEFs, but H2 suppressed these reactions (Figure 4b-d) . Furthermore, when ATM was knocked down by RNA interference, cellular senescence caused by pyocyanin stimulation was suppressed (Figure 4e ). We examined the chronological DNA oxidative damage in MEFs stimulated with pyocyanin. Pyocyanin increased chronological DNA oxidative damage in MEFs, but H 2 suppressed this damage (Figure 4a ). In addition, we examined the phosphorylation of ataxia telangiectasia mutated kinase serine 1981 (p-ATM ser1981 ) and p53 serine 15 (p-p53 ser15 ) induced by DNA oxidative damage. Pyocyanin increased the phosphorylation of ATM ser1981 and p53 ser15 in MEFs, but H 2 suppressed these reactions (Figure 4b-d) . Furthermore, when ATM was knocked down by RNA interference, cellular senescence caused by pyocyanin stimulation was suppressed (Figure 4e) .
Together, these data indicate that H 2 indirectly suppressed increases in intracellular H 2 O 2 concentration and oxidative DNA damage and suppressed cellular senescence via the p-ATM ser1981 /p-p53 ser15 /p21 pathway.
Together, these data indicate that H2 indirectly suppressed increases in intracellular H2O2 concentration and oxidative DNA damage and suppressed cellular senescence via the p-ATM ser1981 /pp53 ser15 /p21 pathway. 
Discussion
Several gut bacteria are known to produce H2; however, the physiological role of this H2 and the mechanism by which cyto •OH causes cellular senescence have not been elucidated. Here, the induction mechanism of cellular senescence caused by cyto •OH was investigated.
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Several gut bacteria are known to produce H 2 ; however, the physiological role of this H 2 and the mechanism by which cyto •OH causes cellular senescence have not been elucidated. Here, the induction mechanism of cellular senescence caused by cyto •OH was investigated.
•OH can be generated by ferric ions without any oxidizing agent through the Fenton reaction. In view of the well-known damaging effect of poorly chelated iron on the human body, numerous natural products containing iron-binding agents or •OH scavengers may be essential for the maintenance of human health [9] . However, intestinal bacteria produce H 2 that specifically scavenges •OH [10] . In recent studies using H 2 gas and H 2 water, H 2 was found to be useful for the treatment of various geriatric diseases involving oxidative stress [1] . In a previous study using cyto •OH scavenger TA293, we demonstrated that cyto •OH induced cellular senescence in vitro and in vivo [2] . In this study, similar to TA293, we found that H 2 suppressed the cellular senescence of pyocyanin-stimulated cells.
Recently, cellular senescence has been implicated as a direct cause of the age-related phenotype [4] . However, the mechanism of cyto •OH-induced cellular senescence is unknown. We propose a cyto •OH-induced cellular senescence model involving H 2 ( Figure 5 ), in which GSH inhibits H 2 O 2 , cyto •OH produces lipid peroxide, and these markedly decrease intracellular GSH. The depletion of GSH cannot sufficiently inhibit H 2 O 2 , and excess H 2 O 2 causes oxidative DNA damage and induces p21 expression via the p-ATM ser1981 /p-p53 ser15 pathway. Furthermore, lipid peroxide reacts readily with transition metal ions, such as copper and iron, and heme protein to generate reactive carbonyls [11] . In addition, heme proteins that reduce H 2 O 2 , such as GSH peroxidase and catalase, contain a heme prosthetic group [12] . Based on these findings, we expect that either lipid peroxide directly reduces heme or production of excessive H 2 O 2 by these antioxidant enzymes causes intracellular heme deficiency. HRI is thought to recognize intracellular heme deficiency and induce p16 expression via the p-HRI/p-eIF2α ser51 /ATF4 pathway.
Int. J. Mol. Sci. 2019, 20 6 natural products containing iron-binding agents or •OH scavengers may be essential for the maintenance of human health [9] . However, intestinal bacteria produce H2 that specifically scavenges •OH [10] . In recent studies using H2 gas and H2 water, H2 was found to be useful for the treatment of various geriatric diseases involving oxidative stress [1] . In a previous study using cyto •OH scavenger TA293, we demonstrated that cyto •OH induced cellular senescence in vitro and in vivo [2] . In this study, similar to TA293, we found that H2 suppressed the cellular senescence of pyocyaninstimulated cells. Recently, cellular senescence has been implicated as a direct cause of the age-related phenotype [4] . However, the mechanism of cyto •OH-induced cellular senescence is unknown. We propose a cyto •OH-induced cellular senescence model involving H2 (Figure 5 ), in which GSH inhibits H2O2, cyto •OH produces lipid peroxide, and these markedly decrease intracellular GSH. The depletion of GSH cannot sufficiently inhibit H2O2, and excess H2O2 causes oxidative DNA damage and induces p21 expression via the p-ATM ser1981 /p-p53 ser15 pathway. Furthermore, lipid peroxide reacts readily with transition metal ions, such as copper and iron, and heme protein to generate reactive carbonyls [11] . In addition, heme proteins that reduce H2O2, such as GSH peroxidase and catalase, contain a heme prosthetic group [12] . Based on these findings, we expect that either lipid peroxide directly reduces heme or production of excessive H2O2 by these antioxidant enzymes causes intracellular heme deficiency. HRI is thought to recognize intracellular heme deficiency and induce p16 expression via the p-HRI/p-eIF2α ser51 /ATF4 pathway. In contrast, H2 suppresses lipid peroxide production and prevents GSH peroxidase activation and GSH depletion. By preventing GSH depletion, H2O2 is stably eliminated by GSH, and excessive catalase activation is suppressed. Reduction in overproduced H2O2 suppresses DNA oxidative damage and induction of the p-ATM ser1981 /p-p53 ser15 /p21 pathway. Similar to GSH peroxidase and catalase, suppression of heme protein activation prevents heme depletion and suppresses p16 activation via the p-HRI/p-eIF2α ser51 /ATF4 pathway.
In this study, we found that scavenging of cyto •OH by H2 indirectly suppressed the increase of H2O2 and suppressed cellular senescence in a cyto •OH induced cellular senescence model. H2 has been known to suppress cellular senescence as well as the expression of p16 and p21 in other ROSinduced cellular senescence models, which supports the findings of our study [13] [14] [15] [16] . H2 reduced the levels of other intracellular ROS despite being an •OH specific scavenger [16, 17] . In contrast, H 2 suppresses lipid peroxide production and prevents GSH peroxidase activation and GSH depletion. By preventing GSH depletion, H 2 O 2 is stably eliminated by GSH, and excessive catalase activation is suppressed. Reduction in overproduced H 2 O 2 suppresses DNA oxidative damage and induction of the p-ATM ser1981 /p-p53 ser15 /p21 pathway. Similar to GSH peroxidase and catalase, suppression of heme protein activation prevents heme depletion and suppresses p16 activation via the p-HRI/p-eIF2α ser51 /ATF4 pathway.
In this study, we found that scavenging of cyto •OH by H 2 indirectly suppressed the increase of H 2 O 2 and suppressed cellular senescence in a cyto •OH induced cellular senescence model. H 2 has been known to suppress cellular senescence as well as the expression of p16 and p21 in other ROS-induced cellular senescence models, which supports the findings of our study [13] [14] [15] [16] . H 2 reduced the levels of other intracellular ROS despite being an •OH specific scavenger [16, 17] .
In this study, we suggested that cyto •OH is an inducer causing cellular senescence. However, it is thought that mito •OH is not an inducer of cellular senescence, as the decrease in mitochondrial localized superoxide dismutase 2 (SOD2) activity induces apoptosis but not cellular senescence [18, 19] . On the other hand, since H 2 diffuses within the cell, it scavenges not only cyto •OH but also mito •OH [1] . TNFα and IL-1β activate SOD2 and produce H 2 O 2 . [18, 20] . H 2 O 2 produced by the activation of SOD2 increases the oxidation of mitochondrial DNA (mtDNA) and the peroxidation of the mitochondrial membrane [19] . Oxidized mtDNA then activates the NLRP3 inflammasome and induces secretion of caspase-1, IL-8, and IL-1β [21] . Peroxidation of the mitochondrial membrane releases cytochrome c and induces apoptosis [22] . Therefore, we believe that H 2 is more likely to suppress apoptosis and the secretion of inflammatory cytokines, in addition to suppressing cellular senescence.
One limitation of this study was that we did not confirm whether the H 2 produced by intestinal bacteria suppresses cellular senescence and individual aging in vivo. Nevertheless, many previous in vivo observations support our hypothesis, such as the H 2 -induced suppression of cognitive memory disorder and degeneration of hippocampal neurons in senescence-accelerated mouse-prone 8 (SAMP8) mice [23] . In addition, suppressed cell death of dopaminergic neurons in a Parkinson's disease animal model [24, 25] , prevention of atherosclerosis in an apolipoprotein E knockout (apoE KO) mouse [26] , and suppressed mild cognitive impairment in a dementia animal model [27] provide supporting evidence for in vivo effects. Cyto •OH scavenging is also known to suppress cellular senescence and inflammation [2] . Moreover, NO, O 2 − , and the •OH scavenger phloroglucinol suppress H 2 O 2 -induced premature senescence and inhibit lipid peroxidation [28] . Furthermore, through a study of mice [13] , it was determined that ingesting H 2 water can effectively suppress cellular senescence and individual aging. Our findings suggest that H 2 is a promising molecule for suppression of cellular senescence-related geriatric diseases and may have an implication in the control of geriatric diseases. Therefore, increasing H 2 production by intestinal bacteria using MAC is highly likely to suppress cyto •OH-induced cellular senescence and inhibit individual aging.
conditions were as follows: field, 336 ± 5 mT width; power, 4 mW; field modulation, 0.200 mT; time constant, 0.1 s; and amplitude, 500. A manganese signal was used for the external standard.
Quantitation of Intracellular GSH
Intracellular GSH was determined with a quantification kit (Dojindo Laboratories) according to the manufacturer's instructions. Briefly, MEFs were lysed by the addition of 80 µL of 10 mM HCl and three freeze-thaw cycles. To the homogenate, 20 µL of 5% salicylsalicylic acid (SSA) was added, and the mixture was centrifuged at 8000× g for 10 min. GSH levels in the supernatant were determined according to the manufacturer's protocol by measuring absorbance at 405 nm with a Sunrise absorbance microtiter plate reader (Tecan Japan, Kanagawa, Japan).
Statistical Analysis
The data are presented as the mean ± standard error of the mean (SEM) based on five independent experiments. Statistical analysis was performed by one-way analysis of variance (ANOVA) using Excel Statics (BellCurve, Tokyo, Japan) and IBM SPSS Statistics (Tokyo, Japan), and p < 0.05 was considered statistically significant.
Conclusions
Our study suggests a model whereby the lipid peroxide produced by cyto •OH causes a decrease in GSH and heme storage, increases H 2 O 2 , and induces cellular senescence through the oxidative DNA damage/p-ATM ser1981 /p-p53 ser15 /p21 pathway and heme depletion/p-HRI/p-eIF2α ser51 /ATF4/p16 pathway. Our findings also indicate that H 2 is a promising molecule for the suppression of geriatric disease. Therefore, the relationship between H 2 -secreting intestinal bacteria and geriatric diseases should be further investigated.
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